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Abstract
This paper gives an extended overview of the electrical properties of ion tracks in hydrogen-free
tetrahedral amorphous carbon (ta-C)with a sp3 bond fraction of about 80%. Theﬁlmswere grown by
mass selected ion beamdeposition of 100 eV 12C+ ions. The ion tracks are generated by irradiation of
ta-Cﬁlmswith uranium ions of 1 GeV kinetic energy. Along the ion path a conversion fromdiamond-
like (sp3) carbon to graphite-like (sp2) carbon takes place. Topography and currentmeasurements of
individual ion tracks were performed by atomic forcemicroscopy at ambient temperature. The
temperature dependence of the electric conductivity was studied between 15 and 390 Kbymeans of
0.28mm2 large contact pads averaging over about 107 tracks. For each sample and at each temperature
the conductivity as a function of the applied electricalﬁeld (non-ohmic behaviour)wasmeasured
separately and the datawere extrapolated toﬁeld zero. In this way, the zero-ﬁeld conductivity was
determined independent from theﬁeld dependence. In spite of large differences in the absolute values,
the temperature dependence of the zero-ﬁeld conductivities is found to be very similar in shape for all
samples. The conductivities follow aT 1 4 / law up to temperatures slightly below room temperature.
At higher temperatures a transportmechanismbased on over-barrier hopping dominates with an
activation energy of about 220meV for tracks and 260meV for the ta-Cmatrix. Theﬁeld dependence
measurements show that the deviation of the I–V characteristics fromohmic behaviour decreases with
increasing zero-ﬁeld conductivity.We also testedCu-doped ta-C samples and found that they conduct
signiﬁcantly better than pure ta-C.However, the doping also increases the zero-ﬁeld conductivity
resulting in aweaker contrast between the track andmatrix. The data are interpretedwithin the so-
called ‘barriermodel’where the electrons are assumed tomove fairly freely inwell-conducting sp2
regions but encounter barriers in track sections consisting ofmore sp3-like bonds.
1. Introduction
Under swift heavy ion irradiation, amorphous carbonmaterials undergo structural changes resulting in a
modiﬁcation of the sp3/sp2 ratio along the ion trajectories. In diamond-like tetrahedral amorphous carbon
(ta-C) a change to amore graphitic formhas been found (Waiblinger et al 1999). This effect can be used to
selectivelymodify the electrical properties on a nanometer scale since the resulting tracks constitute electrically
conducting nanowires embedded in the insulating ta-Cmatrix. The tracks have an extremely small diameter
(∼8 nm) and a length up to severalμm, suggesting possible use in future nano-electronic devices
(Weidinger 2004, Krauser et al 2008, Gehrke et al 2010).
OPEN ACCESS
RECEIVED
29 July 2015
REVISED
3October 2015
ACCEPTED FOR PUBLICATION
10November 2015
PUBLISHED
4December 2015
Content from this work
may be used under the
terms of theCreative
CommonsAttribution 3.0
licence.
Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.
©2015 IOPPublishing Ltd andDeutsche PhysikalischeGesellschaft
Earlier experimental work focussedmainly on the improvement of the track conductivity by changing
experimental conditions (Zollondz et al 2006,Nix et al 2007, Krauser et al 2011, 2013). Themost important
parameter for high conductance is the speciﬁc energy loss of the ions. Only very heavy ionswith energies of
several 100 MeV create well-conducting tracks. Controlled doping of the ta-Cmatrix yielded also some
improvement of the tracks (Nix 2010, Krauser et al 2012). The highest track conductivity (103 S m−1)measured
so farwas obtained in a 1 at.%Fe-doped ta-Cﬁlm irradiatedwithC60 cluster ions (Krauser et al 2013). Among
themonoatomic projectiles 1 GeVuranium ions are themost suited particles due to their high energy loss in
ta-C of dE/dx∼40 keV nm−1. This ion beamwas also used in the present study.
An important aspect is the behaviour of the conducting ion tracks under an applied electrical ﬁeld. Inmost
cases (see references in the preceding chapter) a bending of the current-voltage characteristics, i.e., a deviation
fromOhm’s lawwas observed. A tendency to less bending shows up for the better conducting tracks; the
current–voltage characteristics for ta-C samples irradiatedwithC60 and for some doped samples irradiatedwith
uranium ions are linear at room temperature. The bending effect has not yet been studied systematically and is a
major point in the present investigation.
These earlier experiments, summarized in (Krauser andWeidinger 2012), weremainly limited to room
temperature except for a few low temperaturemeasurements (Schwen 2007, Gehrke 2008,Nix 2010). Themain
progress in the present work is the extension of this investigations to low temperatures down to 15 K. A complete
set of temperature- andﬁeld-dependence data is presented together with a detailed discussion and
interpretation of the results. The datawere obtained to a large extendwithin the framework of the doctoral thesis
of Gehrke (2013).
In the past, the temperature dependence was usuallymeasured at aﬁxed applied voltage. Due to the bending
of the I–V characteristics and the variation of the bendingwith temperature, one obtains amixture of
temperature andﬁeld dependence, whichmakes the analysis difﬁcult. In the present studywe separated these
two effects by recording at each temperature a full I–V curve andﬁtting these curves with a theoretical function.
The extrapolation toV=0 V yields the zero-ﬁeld conductivity and the bending of the curves reﬂects theﬁeld
dependence. Both, the zero-ﬁeld conductivity and the bending parameter are plotted and analysed as a function
of temperature.
Earlier investigations using Cu-doped ta-C samples indicated that a slight admixture of Cumight improve
the performance of ion tracks (Krauser et al 2012, 2013), while other doping elements were less promising.
However, the optimumamount of doping remained unclear. In order to better evaluate the advantages and
disadvantages of doping, we performed newmeasurements with different Cu concentrations and compare the
effect of doping on the electrical conductivity of tracks with that on thematrix. It should be noted that doping is
used here in the general sense of adding a small amount of foreign atoms to thematerial. It does not imply that
the added atoms are electrically active.
For the interpretation of the data the so-called ‘barriermodel’was developed. Themain assumption is that
barriers consisting of a few sp3-like bonds interrupt the fairly freemovement of electrons in sp2-like regions. The
formulas used in the analysis are similar to those used in literature but the interpretation of theﬁt parameters is
quite different.
2. Experimental
The acronym ta-C is nowadays used for a variety of carbonmaterials grown by different industrial scale plasma-
enhanced PVDorCVDprocesses or by vacuumarc deposition (VDI 2840 2005,Neuville 2014). Depending on
the growth process and the application, the properties of ta-Cmay differ signiﬁcantly, in particular the hardness,
the sp3 bond fraction, the resistivity and the optical band gapmay be reduced in so-called degraded,more
graphitic ta-C (for a general review on ta-C andDLCmaterials see Robertson 2002,Neuville 2014).
For our studies we use ta-C ﬁlms grownbymass selected ion beamdeposition (MSIBD) of 100 eV 12C+ ions
on Si substrates kept at room temperature (Hofsäss et al 1993, Ronning 2003), a non-industrial deposition
process which produces practically hydrogen-free amorphous carbonﬁlmswith a C-sp3 bond fraction of about
80%. Therefore, the ta-C ﬁlms used in ourwork can be considered as themost diamond-like, hard ta-Cﬁlms.
The properties ofMSIBD grown ta-C ﬁlmswere previously investigated also by other groups such as Lifshitz
et al (1994). Films grownwith ion energies around 100 eV exhibit a very smooth surface oftenwith rms
roughness well below 1 nm (Lifshitz 1999). The ultrasmoothness of such ta-C ﬁlmswas recently investigated
theoretically byMoseler et al (2005). The sp3 content inMSIBD grown ta-Cﬁlmswas determined byKulik et al
using inelastic and elastic electron scattering carried out in a transmission electronmicroscope (Kulik et al 1995).
In this work, the sp3 content was derived from an analysis of the carbonK-edge spectra, the plasmon energies
and the reduced density function (radial distribution function). For ta-C ﬁlms deposited at room temperature, a
sp3 content of 80%was found for C+ ion energies between 50 and 600 eV. For a deposition energy around
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100 eV theﬁlms exhibit themost diamond-like properties, regarding average bond length (1.53 Å), average
bond angle (111°) and plasmon energy (30–31 eV).
The properties of ourMSIBD ta-C ﬁlmswere characterized by electron energy loss spectroscopy usingXPS
or Auger electron spectroscopy, Raman spectroscopy, atomic forcemicroscopy (AFM), Rutherford
backscattering, nuclear reaction analysis (NRA), Vickers indentationmeasurements, ultraviolet photoelectron
spectroscopy (UPS) valence band spectroscopy and electricalmeasurements.
The Raman spectra of theseﬁlms are an indication for amorphous carbon because they show a broad
distribution of the Raman intensity between 1400 and 1700 cm−1 and no diamond-band orD- andG-bands of
graphite (Hofsäss et al 1993). The as deposited ta-Cﬁlms are very smoothwith an rms roughness below 0.8 nm
(Hofsäss et al 2009) often even 0.2 nm (Takahiro et al 2007). Theﬁlms exhibit a high resistivity of up to
1010Ω cm,which decreases upon dopingwithNor B atoms (Ronning andHofsäss 1995).
TheVickers hardness of theﬁlms is about 4500 kg mm−2 (Hofsäss et al 1993), which is in agreementwith
results of Koskinen for ion beamdeposited ta-C ﬁlms (Koskinen 1988). The sp3 content of ourﬁlmswas
determined fromplasmon energies and is about 80%, corresponding to plasmon energies of 31 eV (Ronning
et al 1997,Hofsäss et al 1998). OurMSIBD ta-Cﬁlmswere also analysed by high resolution TEMrevealing a
plasmon energy of 30.8 eV for deposition at 50 eV and 31.8 eV for deposition at 100 eV (Christiansen et al 1998).
Furthermore, there is no indication in theCK-edge spectra of the narrowpeak at 285 eV typical for sp2 carbon.
These values are in good agreementwith results of several other groups obtained for ta-Cﬁlms grown by ion
beamdeposition orﬁltered vacuum arc depositionwith carbon ion energies around 100 eV (Hofsäss et al 1998).
WithUPS valence band spectroscopy it is possible to distinguish betweenpi andσ bond states. For undoped
ta-Cﬁlmswe ﬁnd an intense peak related toσ bonds and aweak peak related topi bonds, fromwhich a sp2 bond
fraction of 17±5%was calculated (Ronning et al 1997).
The hydrogen content of various ﬁlmswasmeasured byNRAusing theH (15N,αγ)12C resonance reaction.
For ourMSIBD grown ﬁlms theH content is far below 0.1 at.%, whereasﬁlms grown by ﬁltered arc deposition
contain about 1 at.%hydrogen (Krauser et al 2003). Possiblemetal contaminations due to sputtering from the
stainless steel ion optics components of the ion deceleration unit was determined to be less than 10 ppm
(Hofsäss et al 1993).
Copper doped ta-C ﬁlmswere prepared by our group previously and theﬁlm composition aswell as the
properties of the a-Cmatrix were investigated using RBS, XPS, TEMandRaman spectroscopy (Gerhards
et al 2003).
In addition to experimental characterization ofMSIBD grown ta-Cﬁlms,molecular dynamics simulations
provide insight in the creation of ion tracks in ta-C and also in the formation of hillocks on the impact site of each
ion (Schwen 2007, Schwen andBringa 2007, Schwen et al 2012). The simulations reveal a sp2 content of up to
86% in the track and>97% in the hillocks. According to thesesMD simulations and experimental results, the
hillock height increases linearly with the electronic energy loss of the ions.
The ta-C ﬁlms used in this workwere synthesized at theUniversity of Göttingen bymeans of low energy
MSIBD at room temperature.Heavily n-doped Si (0.005Ω cm)was used as substratematerial. Beforeﬁlm
deposition the silicon surface wasAr+ sputtered to remove the native oxide layer and to amorphize the surface in
order to improve the contact of the ta-C ﬁlm to the substrate. The ion sourcewas chargedwithCO2 gas and
12C+
was deposited at 100 eV. The base pressure during depositionwas 10−6 Pa.Due tomass separation, pure and
hydrogen free ﬁlmswere produced. For doping of the ta-C ﬁlms, Cu ionswere provided to the ion source by
evaporating CuCl2. TheCu impurities were incorporated as 100 eV
63C+ ions by rapid periodically switching the
mass separationmagnet from 12C+ to 63Cu+ and back. During the switching time the beamwas electrostatically
blocked to avoid contaminationwith ions of intermediatemasses. Film growth and dopant concentrationwere
controlled in situ via the deposited charge of the individual ion species onto the substrate. Usually, a total charge
of 0.4 Cwas deposited, which corresponds to a ta-C ﬁlm thickness of about 80 nm (calibrated by TEManalysis)
on an area of about 200 mm2. However, due to beam inhomogeneities theﬁlm thickness can slightly vary over
thewhole area.We estimate the uncertainty of theﬁlm thickness to be±10%. TheCu concentrationwas
determined directly after ﬁlm growth byXPS analysis from the ratio of theC-1s andCu-2p3/2 lines. The results
are in agreement with previous RBSmeasurements (Gerhards et al 2003) showing that nearly all Cu is
incorporated into theﬁlms. The uncertainty for theCu concentration is estimated to be±10%.Also
immediately after deposition, the fraction of the sp3-bonded carbon atoms in theﬁlmwas determined via the
position of the plasmon peak in electron energy lossmeasurements (Reinke et al 2004). According to these
measurements the undoped and doped samples had similar sp3 contents (>80%), except the 5 at.%Cudoped
samplewhich had a sp3 content whichwas about 10% lower.
The irradiationwithU ionswas performed at theGSIHelmholtz Centre inDarmstadt with initial beam
energy of 2.2 GeV. To increase the energy loss of the ions, 49 μmthick aluminium foils were placed in front of
the sampleswhich degraded the beam energy to 1 GeV.When entering the sample surface, the ions had
equilibrium charge state. The appliedﬂuencewas kept low (usually 4×109 ions cm−2) in order to avoid track
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overlapping. All irradiationswere performed at room temperature and under normal beam incidence. The
speciﬁcation of the samples and irradiation conditions are summarized in table 1. The 60 nm thick undoped
sample (0* in table 1)was investigated byAFMbut showed an unsystematic behaviour inmacroscopic resistivity
measurements.We thus performed thesemeasurements on a different sample (0** in table 1).
The conductivity and topography of the ion tracks were investigated byAFMmeasurements at theHarz
University inWernigerode using aXE-100AFM (manufactured by PSIACorp.) equippedwith a conductive
cantilever (BS-EM75) coatedwith Pt/Ir. To record current–voltage (I–V) curves of individual tracks, the AFM
tipwas brought in contact with the hillock at the ion impact site.
Macroscopic electricalmeasurements using aKeithley 237 SMUwere performed in the temperature range
between 15 and 390 K at theUniversity of Göttingen. For the front contact, circular pads (diameter 0.6 mm)
were deposited on the ta-C surface by thermal evaporation of a∼10 nm thick layer of Cr followed by a∼100 nm
Auﬁlm. The highly-conducting Si substrate served as back contact. The back side of Si was contacted by silver
paste with the current circuit. For the voltagemeasurement a third contact was attached to the front side of the Si
substrate. This ‘three-terminal’ arrangement eliminates the resistance of the Si/silver paste contact. However,
the resistances between the top pad and the ion track and between the ion track and Si remain.
3. Results and discussion
3.1. AFMmeasurements on single ion tracks at ambient temperature
Figure 1 shows typical AFM scans in a three-dimensional representation including topography images (left) and
simultaneously recoded currentmaps (right). The two upper images refer to the undoped, the lower to a Cu-
doped (1 at.%) sample. The topography images show surface hillocks of a few nmheight attributed to the impact
of individual ions (for a general review of ion-induced hillocks see e.g. Neumann 1999).Within the typical
ﬂuence uncertainties and inhomogeneities of 10% to 20%, the number of observed hillocks is in agreement with
the number of ion impacts. Comparing the simultaneously recorded current and topography images, it is
obvious that every impinging ion forms a conducting channel through the ta-Cﬁlm.
The topography images (left) indicate that doping increases the surface roughness, and, to some surprise,
decreases themean hillock height. The current images (ﬁgure 1 right) reveal a clear improvement of the track
currents with doping. For the undoped sample (upper right) the individual currents vary from track to track,
whereas current peaks of theCu-doped ﬁlm (lower right) exhibit amuch smaller height distribution and the
average currents are signiﬁcantly higher. Doping between 0.5 at.% and 2 at.% yields similar results. The 5 at.%
sample is certainly over-doped, no trackswere found in the AFMmeasurement. This degradation is probably
caused by themore relaxed structure of the higher-doped samples since a relaxed structure is less affected by the
ion beamwith the consequence that irradiation does not change the bonding character substantially.
The quantitative analysis (statistical distribution) of hillock heights and track currents is shown inﬁgure 2.
The average hillock height ismaximum for the pristine ﬁlm and for 0.5 at.%Cudoping and decreases for higher
Cu concentrations. The track currents of dopedﬁlms are signiﬁcantly higher than for undoped ﬁlms, but they
showno clear dependence on doping concentration.
In table 2 the results of theAFMmeasurements are summarized.Hillock heights and currents Itrack are the
average values of at least 100 individual ion tracks recorded at a voltage of 0.3 V betweenAFM tip and the
substrate. The given uncertainties correspond to the standard deviation of the arithmeticmean value.
3.2. Currentmeasurementwithmacroscopic contact pads
The temperature dependence of the current through the sample was investigatedwithmacroscopic contact
pads. In the standard experiment, the contact covered an area of 0.28 mm2 and connected approximately 107 ion
Table 1.Parameters of ta-C samples dopedwith different Cu concentrations. Theﬁlm thickness andCu concentrationwere derived from
the ionﬂuence controlled continuously during deposition, uncertainties are estimated to be±10%.The undoped samples were used for
AFM (*) and formacroscopic resistivity (**)measurements.
Cu concentration
(at.%)
Film thick-
ness (nm)
Irradiation ﬂuence
(109 ions cm−2)
0* 60 4
0** 80 40
0.5 65 4
1.0 65 4
2.0 65 4
5.0 45 4
4
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Figure 1.AFM images of undoped (top) and 1 at.%Cu-doped (bottom) ta-C ﬁlms irradiatedwith 1 GeVU ions (nominal ﬂuence
4×109 ions cm−2) displaying surface topography (left) and simultaneously recorded current images (right). The current was
measured between theAFM tip and the Si substrate at a bias voltage of 0.3 V. The shape of the peaks ismainly a result of the AFM tip
shape.
Figure 2.Distribution of hillock heights (left) and track currents Itrack recordedwith a bias voltage of 0.3 V at room temperature (right)
for pure andCu-doped ta-C samples (see also table 2).
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tracks in parallel. The current wasmeasured for different applied external voltages as a function of temperature.
A typical result of thesemeasurements is shown inﬁgure 3.
Typical current–voltage (I–V) characteristics are displayed inﬁgure 4. The currents are strongly temperature
dependent and the I–V characteristics are bent, i.e., they do not followOhm’s law.
Table 2.AFMcharacterization of pure andCu-doped ta-C samples. Neither hillocks nor conducting tracks were detected for the 5 at.%Cu-
doped sample.
Cu concentration
(at.%)
Hillock
height (nm)
Track current Itrack
at 0.3 V (nA)
0 2.17±0.18 0.7±0.08
0.5 2.20±0.19 13.7±0.21
1.0 1.36±0.09 8.2±0.23
2.0 1.17±0.08 14.8±0.48
5.0 — —
Figure 3.Comparison of an irradiated and an unirradiated pure ta-C sample. The current wasmeasuredwith a 0.28 mm2 contact pad
at different applied external voltages as a function of temperature. The samplewas irradiatedwith 1 GeVuranium ions to a nominal
ﬂuence of 4×1010 ions cm−2.
Figure 4.Current–voltage (I–V) characteristicsmeasuredwith amacroscopic contact pad (0.6 mmØ, averaging over about 107 ion
tracks) at different temperatures for the 1 at.%Cu-doped sample.
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For the further presentation of the data and for the analysis we use reduced quantities in order to eliminate
the speciﬁc geometries of themeasurement andmake details of the datamore evident. The reduced quantities,
conductivityσ and electrical ﬁeld E, are deﬁned as:
I d
V A
E
V
d
and . 1( )T  ¸¸ 
Here I is themeasured current,V the applied voltage and d the ta-C ﬁlm thickness. The areaA of the conducting
path is speciﬁc for each arrangement: For the AFMmeasurements we used the area of a single trackAtrackwhich
we calculate assuming a track diameter of 8 nm (Krauser et al 2003). For themacroscopicmeasurements the
contact area (circular padwith 0.6 mmdiameter) is the relevant quantity. For thematrix data the entire area is
used. The track conductivityσtrack in themacroscopicmeasurements is calculated by the following formula:
I I
V
d
A N
. 2track
irr unirr
track track
( )T   ¸ ¸
Atrack is the cross sectional area of a single track (as above) andNtrack is the number of tracks under the contact
pad (derived from the track densitymeasured byAFM). The area covered by ion tracks accounts only for about
1%of the total area. Thus some current isﬂowing also through the unirradiated parts of the sample under the
contact.We have corrected for that by subtracting the current Iunirrmeasured on thematrix from the current Iirr
measured on the irradiated sample (see equation (2)). Due to the large difference of track andmatrix
conductivity, this correction is very small, i.e., in the order of 1%or less. Only in the low-temperature region
(below about 50 to 100 K)where a current offset is observed in somemeasurements, the correction becomes
larger.We therefore consider the data below about 100 K as unreliable and did not include them in the
quantitative analysis.
Figure 5 shows that the conductivity isﬁeld dependent, i.e., the current–voltage characteristics do not follow
Ohm’s law.However, the zero-ﬁeld conductivity, obtained by an extrapolation fromhigher ﬁelds, is well
deﬁned.We used a phenomenological function for this extrapolation (for details see section 3.4).
The conductivity dependence on the electric ﬁeld is asymmetric. The asymmetry, obtained bymultiplying
theﬁt functionwith the term (1+const·E) amounts to 5.8% in the above case and is fairly constant
(approximately 6%) for all samples and temperatures in themacroscopicmeasurements. In the AFM
measurements slightly lower asymmetries were seen.We assume that the asymmetry is due to a Schottky barrier
at the front contact or at the transition from ta-C to the substrate. This barrier adds a serial resistor in the
measuring circuit and alters the conductivity attributed to the sample. The effect on the absolute conductivity
values is in the order of 10%, the relative conductivity values are probably notmuch affected since the
experimental asymmetry term is fairly independent of temperature and doping.
3.3. Zero-ﬁeld conductivityσ0
The zero-ﬁeld conductivityσ0was obtained by extrapolating the valuesmeasured at ﬁniteﬁelds toﬁeld zero. For
an optimumextrapolation, all data wereﬁtted by a stretched exponential function (equation (8))with free
parameters. The zero-ﬁeld conductivityσ0 as a function of temperature (reciprocal scale) is shown inﬁgure 6.
Figure 5.Conductivity of ion tracks in ta-C (dopedwith 1 at.%Cu) at 200 K as a function of applied electrical ﬁeldE=V/d. The
samplewas irradiatedwith 1 GeVU ions to aﬂuence of 4×109 ions cm−2. The solid line is aﬁt with the stretched exponential
function and an asymmetry term (see section 3.4).
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The shape of the temperature dependence is very similar in all cases but the absolute values differ by orders of
magnitude.
For a thermally activated process the conductivity is given by:
E
k T
exp , 3
a
B
0 ( )T r  ¸
⎛
⎝
⎜
⎞
⎠
⎟
whereEa is the activation energy and kBT the product of temperature andBoltzmann constant. A singly-
activated thermal process does not describe our data because it would require a straight line in the log-scale of
ﬁgure 6.
To seemore clearly the change of the activation energy with temperature we calculated the slope of the
curves inﬁgure 6 and assigned it to effective activation energy Eeff by:
d d T E kln 1 . 4B0 eff( ) ( ) ( )T / / /
The results are presented inﬁgure 7. The effective activation energies saturate around room temperaturewith
values between 200 and 250 meV.We interpret this value as the barrier height for the transport in the ion tracks.
For thematrix data the saturation energy (not shownhere) is found to be slightly higher, the value lies in the
region of 260 meV.
Figure 8 shows conductivity data (log-scale) as a function ofT .1 4 / In the intermediate temperature region
belowRT the data are well represented by theT 1 4 / dependence (straight line) as predicted byMott’s variable-
Figure 6.Zero-ﬁeld conductivityσ0 for different Cu-doping concentrations as a function of temperature (reciprocal scale) for ion
tracks (solid lines) and ta-Cmatrix (dashed lines).
Figure 7.Effective activation energies Eeff for tracks in undoped andCu-doped samples as a function of temperature. The solid lines
are ﬁts with a superposition of three processes: constantσ0 at low temperatures, T 1 4 / dependence at intermediate temperature and a
unique activation energy around room temperature (see text).
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range hopingmodel (Mott 1968).We assign this part to a tunnelling process. Around room temperature a
transport with unique activation energy takes over.We attribute this process to over-barrier hopping. The
conductivity offset at very low temperatures is probably an experimental artefact since its value varies in a non-
systematic waywith the sample and setup conditions.
3.4. Field dependence
The dependence of the conductivity on the external electrical ﬁeld is usually ascribed to a lowering of the
transport activation energyEa by theﬁeld, i.e.:
E f E
k T
E
k T
f E
k T
exp exp exp , 5
a
B
a
B B
( ) ( )
( )T r  ¸   ¸ ¸ ¸
⎛
⎝
⎜
⎞
⎠
⎟
⎛
⎝
⎜
⎞
⎠
⎟
⎛
⎝
⎜
⎞
⎠
⎟
where f(E) is a function of the electrical ﬁeld E. This equation separates the zero-ﬁeld conductivity and theﬁeld
dependence.
Theﬁeld dependence is often described by the Frenkel–Poolemodel (Frenkel 1938)which assumes that the
transport occurs by lifting the electron to the conduction band. The external electrical ﬁeld reduces theCoulomb
attraction thereby lowering the activation energy for transport. The corresponding ﬁeld dependence is given by:
f E
k T
b E
k T
b
e
exp exp with Frenkel Poole model , 6
B B
0 0
3
0
( )
( ) ( )T T QF FT  ¸ 
a ¸
¸ a  
⎛
⎝
⎜
⎞
⎠
⎟
⎛
⎝
⎜
⎞
⎠
⎟
where e is the electrical charge and ε0 and ε are the vacuumdielectric constant and its relative value in the
material, respectively. The Frenkel–Poolemodel yields acceptableﬁts for the unirradiated ta-C samples around
room temperature but the extracted ε value is largely unphysical and varies strongly with temperature.
The ion track data cannot be described by the Frenkel–Poole formula: theﬁtted ε values aremuch too large
(in the order of 1000 times ormore) and the functional dependence is close to being proportional toE rather
than E .We therefore analysed the data within amodel derived by Pollak andRiess (1976). These authors apply
a percolation approach to construct the conducting path. In thismodel theﬁeld dependence is given in the
three-dimensional case by:
f E
k T
eEl
k T
l Rexp exp with 0.17 Pollak Riess model , 7
B B
0 0
( )
( ) ( )T T T ¸  ¸  ¸ 
⎛
⎝
⎜
⎞
⎠
⎟
⎛
⎝
⎜
⎞
⎠
⎟
where e is the electrical charge andR the hopping distance at lowﬁelds. The factor 0.17 is a special result of the
percolation treatment by Pollak andRiess and accounts for the fact that the voltage drop per step is notE times
the jumpdistance but is reduced due to directional and chemical potential effects.
Because of the uncertainty in the functional dependence, we chose a phenomenological approach of the
form:
bEexp , 8c0 ( )( ) ( )T T
Figure 8. Logarithmic presentation of zero-ﬁeld conductivityσ0 versus T 1 4 / for ion tracks in pure ta-C. The high-temperature part
(around room temperature) is interpreted as over-barrier hopping. In the intermediate temperatures region a straight-line behaviour
indicates a tunnelling process (as inMott’s variable-range hoppingmodelMott 1968). The low-temperature residual conductivity is
probably due to small shunt currents.
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whereσ0 is the zero-ﬁeld conductivity and b and c are adjustable parameters. Parameter b determinesmainly the
magnitude of theﬁeld dependencewhereas parameter c reﬂects the shape of the dependence (see ﬁgure 5). The
asymmetry (see ﬁgure 5)was taken into account byﬁtting the negative and positive ﬁeld branch separately and
averaging theﬁt parameters. In aﬁrst stepweﬁtted all data with free parameters b and c. This yielded good ﬁts
and allowed a precise extrapolation to zero-ﬁeld asmentioned above.However, we found that b and c are
correlated in theﬁts leading to a large scatter of the individual values andmaking a comparison of data difﬁcult.
In order to describe the degree of bending by a single parameter weﬁxed the value of c to c=1 for the track data.
Figure 9 displays data of the irradiated samples for thebending parameter b,multiplied by temperatureT, and
the jumpdistanceRdeduced from b·T via thePollak–Riess formula (equation (7)). The product b·T and
correspondingly the jumpdistanceR are approximately constant for each sample; at least no clear tendencywith
temperature is seen.This implies that the bendingparameter b increaseswith decreasing temperature as 1/T as
expected if the activation energy for transport is reduced by theﬁeld (see equation (5)).We also notice that in the
average thebending (deviation fromOhm’s law) is smaller for the doped samples (colouredpoints) than for pure
ta-C (black points). The doped samples have a higher conductivity, thus the bendingdecreases if the tracks are
better conducting.Above 300 K the b·T values are systematically somewhat higher than in the lower temperature
range.Note, however, that the setupwas changed at around 300 K and instrumental effects cannot be excluded.
Thematrix data (unirradiated samples)were reasonably wellﬁttedwith E dependence as predicted by the
Frenkel–Poolemodel. The extracted ε values (not shownhere) varied between about 20 and 200 andwere larger
for better conducting samples. Theywere also strongly temperature dependent. These large values and their
variationwith temperature and doping indicate that the Frenkel–Poolemodel is not well suited for the
description of the data.
3.5.Doping dependence
The preceding data clearly show that Cu doping improves the electrical conduction of the ion tracks. The
progress is twofold:
Figure 9.Bending parameter bmultiplied by temperatureT, for the track data as a function of temperature. The right scale gives the
jump distanceR deduced from b⋅T via the Pollak–Riess formula (equation (7)). The b-values were obtained byﬁtting theﬁeld
dependence with a pure exponential function.
Table 3.Conductivity of ion tracks and ta-Cmatrix for pure andCu-doped samples at room temperature. Track conductivities were
obtained byAFMmeasurements on single tracks and bymacroscopicmeasurements on track ensembles (∼107 tracks). Statistical errors
within onemeasurement are small (%region) but the systematic errors due to normalization problems and sample inhomogeneitiesmay be
large (see text). The contrast dataσtrack/σmatrix are deduced frommacroscopicmeasurements.
Cu concentration
(at.%)
Track conductivityσtrack
(AFM) (S m−1)
Track conductivity
σtrack(macro) (S m
−1
)
Matrix conductivity
σmatrix (S m
−1
)
Contrastσtrack/
σmatrix
0.0 2.61 3.0 1.0×10−5 3.0×105
0.5 58.0 17.2 1.0×10−4 2.0×105
1.0 35.6 23.5 3.0×10−4 8.0×104
2.0 65.1 11.4 1.3×10−3 8.0×103
5.0 — 4.7 1.0×10−2 6.0×102
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(i) Doping leads to tracks with a narrow conductivity distribution whereas the track conductivity scatters
considerably in the undoped ta-C sample (see ﬁgures 1 and 2).
(ii) The overall conductivity of ion tracks increases by approximately an order of magnitude for doping with
0.5 at.% to 2 at.%Cu (see table 3). For 5 at.%Cudoping, themacroscopicmeasurements show a
conductivity decrease, and no tracks could be found bymeans of AFMmeasurements.
The improvement of the conductivity along the percolation pathmay be due either directly to a bridging
effect of the (conducting)dopant atombetween bonds or indirectly to a catalytic effect which increases the
concentration of (conducting) sp2 bonds. The present data do not allow aﬁnal decision between these
possibilities.
A signiﬁcant result is that the hillock height decreases with increasing Cu concentration. For the 5 at.%Cu
sample no hillocks could be found inAFMmeasurements (see table 2). The hillocks develop during the hot
phase of the track formation process due to the expansion of thematerial in the ion track region and its outﬂow
at the surface. Thus the lower height of the hillocks indicate that the density difference between track andmatrix
is less pronounced in the doped samples. It turns out that the incorporation of only a few atomic percent Cu
impurities can lead to drastic structure changes in theﬁlmpreventing hillock and track formation. This includes
the reduction of compressive stress and an increased sp2 fraction. The latter explains the highmatrix
conductivity of the Cu-doped unirradiated sample (see table 3). Gerhards et al reported a continuous decrease of
the sp3 fractionwith increasing Cu incorporated in their ta-C ﬁlms (Gerhards et al 2003). It should be pointed
out that we have so far found only extremely poor conducting tracks togetherwith almost undetectable hillocks
in plasma deposited a-C:H ﬁlms. Suchﬁlms are known to bemore graphitic and less stressed.
A disadvantage of Cu doping is that it decreases the insulating behaviour of thematrix by orders of
magnitude.Moreover, the conductivity of the dopedmatrix increases stronger than the conductivity of the
tracks (see ﬁgure 6 and table 3 as well as (Ronning et al 1995) yielding a decrease of current contrast between
track andmatrix (table 3).Whether the improvement gained by doping outweighs the disadvantage of lower
contrastmay depend on the speciﬁc situation.
Table 3 shows the track conductivitiesmeasured by two differentmethods: By AFMon single tracks and
subsequent averaging over about 100 tracks and bymacroscopic contact pads averaging over about 107 tracks
within onemeasurement. The general trend of the data obtained by these two approaches is similar but
quantitative agreement is not complete. This is not surprising since each of themethods has shortcomings. In
the AFMmeasurements a very small area (typically 1 μm2) is investigated. Thus local sample inhomogeneity
may inﬂuence the results. Inmacroscopicmeasurements good electrical contacts are crucial. If not all tracks are
contacted or if the contact area deviates from the nominal area quite different absolute values can be obtained. In
view of these difﬁculties the agreement within the twomethods is satisfactory.
3.6. Barriermodel
Thematerialmodiﬁed along the ion tracks is assumed to be rather inhomogeneous. Areas ofmainly planar sp2
coordination are separated by regions dominated by tetragonal sp3 bonding (see e.g. Dasgupta et al 1991,Maiken
andTaborek 2000, Khan et al 2001). The electronsmove along a percolation path in better conducting sp2
regions but also have to pass throughmore insulating barriers dominated by sp3 bonds. Thus sp3 regions
constitute barriers for the electrical current and determine to a large degree the resistivity of the track. The
electron can either tunnel through the barrier or jump over it. The tunnelling process leads to the observed T 1 4 /
temperature dependence at lower temperatures. The over-barrier hoping corresponds to an activated process
withﬁxed activation energy as observed around room temperature and above. The barrier height, derived from
the present experiment, is in the order of 200 to 250 meV.
Thewidth of the barrier is a critical parameter for the tunnellingmatrix element. The observed jump range
of about 5 nm (see ﬁgure 9) is certainly too large to correspond to the barrier width if the barrier height is
200 meV ormore. A rough estimate of thewidth can be obtained by the following considerations: at about 200 K
we see a transition from tunnelling to over-barrier hopping (ﬁgure 8) indicating that the transition rates for
tunnelling and over-barrier hopping are about equal.We thus equate the two rates at this temperature, i.e.,
exp(−2R/α0)·exp(−Eeff/kT)=exp(−Ea/kT), whereα0 is the penetration depth,R the tunnelling distance, k
the Boltzmann constant andT the temperature.WithEeff=100 meV at 200 K andEa=220 meV (seeﬁgure 7)
we obtain exp(−2 R/α0)≈10
−3. The penetration depthα0 (sometimes also called Bohr radius) is not known in
the present case.Maiken andTaborek assumedα0 values between 0.1 and 1 nm (Maiken andTaborek 2000) in
their conductivity studies of amorphous carbon.With these values forα0, the tunnelling probability of 10
−3 is
obtained forR=0.35 nmandR=3.5 nm, respectively. Another scale for the penetration depth (Bohr radius)
might be the interatomic distance in amorphous carbon (about 0.15 nm).With twice the atomic distance forα0,
the tunnelling probability of 10−3 is obtained for a tunnelling distance of about 1 nm. These estimates are of
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course not a real determination of the barrier width but they indicate that the tunnelling distance is smaller than
the experimental jump range of about 5 nm.
We thus suggest that thewidth of the barrier is only a few atomic distanceswide. After traversing the barrier,
the electronmoves in a fairly well-conducting region before it reaches the next barrier. The jumpdistance is
composed of thewidth of the barrier and the path of the electron in thewell-conducting region.
A crucial role for the track conductivity plays the sp2/sp3 ratio. A larger sp2 content leads to an increase of the
density of states near the Fermi energy. But this is not themain cause for the better conductance. Themain
change concerns the density of low-energy barriers. If this density is larger,more electrons canﬁnd a percolation
pathwith low barriers. In poorly-conductingmaterialsmany electrons, even if they are in sp2-like bonds, are
immobilized since they are surrounded by high-barrier sp3-like bonds.
Thewell-conducting and poorly-conducting tracks show another distinct difference: The bending
parameter b of theﬁeld dependence decreases with increasing conductivity (seeﬁgure 9), i.e., the tracks become
more ohmic. A smaller bending parametermeans that the potential reduction per jump decreases indicating
that the number of jumps necessary to reach the electrode goes up. This indicates that thematerial becomes
more homogeneous and that the dominance of the barriers which govern the poorly-conducting tracks
goes down.
4. Conclusion
The temperature andﬁeld dependencemeasurements presented in this paper permit a deeper understanding of
themechanismof the electrical conduction of ion tracks in ta-C. Important information is obtained by
separating theﬁeld dependence from the zero-ﬁeld conductivity allowing an independent discussion of these
two phenomena. The data are interpreted in the so-called ‘barriermodel’wherewe assume that the electrons
movemainly in the rather-well conducting sp2 region but encounter barriers of sp3-like bonds along their path
that have to be overcome. Based on temperature dependent conductivitymeasurements we conclude:
(i) Around room temperature and above an activated process with a ﬁxed activation energy (about
220–260 meV) exists.We suggest that this process corresponds to over-barrier hopping and that the barrier
height is given by the energy position of the excited state in the barrier region.
(ii) At lower temperatures the famous T 1 4 / law is observed indicating a tunnelling process through a barrier.
We suggest that thewidth of the barrier is only a few atomic distances wide, i.e., an electron tunnels through
a few sp3-like bonds before it reaches the next well-conducting sp2-like region. The jump range comprises
the short tunnelling distance through the barrier and the longer path length in the sp2-like area.
(iii) Cu-doping in the concentration range of about 1 at.% leads to an improvement of the track conductivity by
approximately one order ofmagnitude. However, at the same time, thematrix conductivity increases very
stronglymaking the advantage of doping questionable.
Conducting tracks in a highly insulating ta-Cmatrix represent interesting nanostructures for applications in
future nanodevices (see e.g.Weidinger 2004, Krauser et al 2008, 2012, Gehrke et al 2010). Given by the large
range of swift heavy ions, rather complex nano-systems are possible. Irradiating e.g. amultilayered system
interrupted by thin insulating layersmay allow the realization of nanodots with conducting tracks as self-aligned
contact leads on both sides.
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